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Optimal frequency separation of power sources by multivariable
LPV/H∞ control: application to on-board energy management systems
of electric vehicles
Waleed Nwesaty, Antoneta Iuliana Bratcu, Olivier Sename
Abstract— In this paper a multi-variable LPV/H∞ control
approach is applied to design a strategy for power source coor-
dination within a multi-source energy system. Three different
kinds of power sources – fuel cell, battery and ultracapacitor
– compose the power supply system of an electric vehicle.
All sources are current-controlled and paralleled together
with their associated DC-DC converters on a common DC-
link coupled to vehicle’s electrical motor and its converter.
DC-link voltage must be regulated in spite of load power
variations representing the driving cycle image. To this end, a
MIMO LPV/H∞ provides the three current references so that
each source operates in its most suitable frequency range as
either high-energy-density or high-power-density source: low-
frequency, mean power is provided by fuel cell, ultracapacitor
supplies/absorbs the instantaneous variations of power demand
and battery operates in between the two other sources. Se-
lection of H∞ weighting functions is guided by a genetic
algorithm whose optimization criterion expresses the frequency-
separation requirements. The nonlinear multi-source system is
simulated in MATLAB R© /Simulink R© using the driving cycle
of IFSTTAR (Institut Franc¸ais des Sciences et Technologies des
Transports, de l’Ame´nagement et des Re´seaux) as load profile,
whose frequency content is richer than that of Normalized
European Driving Cycle (NEDC). Simulation results show
good performance in supplying the load at constant DC-
link voltage according to user-configured frequency-separation
power sharing strategy.
Keywords: H∞ control, LPV systems, power source coordi-
nation, frequency separation, electric vehicle.
I. INTRODUCTION
Modern society is facing nowadays various challengesin supplying power in response to a continuously
increasing demand. This challenge is doubled by environ-
mental requirements. In this context, a great research effort
is today oriented to develop efficient and environmental
friendly transportation systems [1]. In particular, car manu-
facturers are developing vehicles equipped with clean power
sources such as fuel cells or photovoltaic panels, embedded
into on-board energy management systems that ensure energy
consumption minimization [2]. Auxiliary power sources like
batteries and ultracapacitors can be added in order to increase
efficiency by also harvesting the braking power [3]. The co-
ordination of different sources within such embedded energy
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systems must then take into account the most suitable oper-
ation conditions of each source [4]. For instance, the battery
state of health depends on the dynamic of its current and on
the charging/discharging cycle. One can note that each source
has a dynamic specialization; therefore, it should ideally
operate within some given frequency range of variation.
Indeed, power sources can be classified with respect to their
power supply ability into two main classes [5]: high-power-
density sources (able to provide high power for a short period
of time with high dynamic characteristics) and high-energy-
density sources (able to provide power during long period
of time with slow dynamic characteristics). Ultracapacitors
are typical examples of high-power-density sources, as they
can provide several kilowatts in less than a second, whereas
fuel cells and batteries belong to the class of high-energy-
density sources because they can provide power for several
hours when the load is in steady state or when charging other
auxiliary sources. Performance of different source types can
be identified on the well-known Ragone’s plot [6].
This paper studies the case of a three-power-source power
supply system – fuel cell, battery and ultracapacitor – where
DCC
DCR
L
o
a
d
DCV
Luc 
Lbat 
Lfc 
 
 
 
 
 
 
 
Fuel cell 
model 
 
Battery 
model 
 
Ultra
cap. 
model 
1-quadrant boost converter 
2-quadrants converter 
2-quadrants converter 
 
DC-bus 150 V  
+ Load 
 
Fig. 1: System structure.
each source is controlled by means of a DC-DC converter.
Sources are connected in parallel to the load (consisting of
an electrical motor with its associated converter) through a
DC-bus (Fig. 1). Fuel cell plays the role of the main power
source, being connected to a 1-quadrant boost converter
allowing only unidirectional power flow, whereas battery and
ultracapacitor are used as auxiliary sources, able to respond
to power demand variations placed in relatively high fre-
quency. Each auxiliary source is connected to a 2-quadrants
boost converter which allows charging/discharging.
The fuel cell is required to supply the steady-state load
current (mean value), whereas power peaks and abruptly
varying power variations are supplied by the ultracapacitor.
The battery is well suited when power demand varies rather
slowly (here, the definition of term ”slow” depends on the
battery type and its charging and discharging characteristics);
thus, it plays a role between ultracapacitor and fuel cell.
The battery can also be used to energize different equipment
within the vehicle; it could play the role of the main source
when the fuel cell is disconnected or empty. The system
electrical scheme is presented in Fig. 1; numerical values
are given in the Appendix.
The control objective of such a system is to regulate the
DC-bus voltage at 150 V with a tracking error of ±10%
in the presence of load power perturbation. To this end, a
power flow coordination between sources must be achieved
with respect to their frequency characteristics, which in
consequence leads to improve utilization and extend life of
both fuel cell and battery.
Most of works reported in the literature focus on two-
power-source systems consisting, for example, of a fuel
cell and a battery or an ultracapacitor as auxiliary source.
In general, each source is treated as a current-controlled
source, where current reference is obtained by using different
methods such as PID-controller-based strategies [7], fuzzy
logic control [8], or frequency-separation strategies based on
high/low-pass filtering [9],[10]. LQG control has also been
used to generate current references in a case of battery and
ultracapacitor systems [11].
The authors have already considered in [12],[13] such
a three power-source system, but implementing a different
control structure. Indeed for each source, a current reference
is generated by a cascade control: a PI-controller-based
outer loop regulates source state of charge (SOC) with a
slow dynamics and provides the low-frequency component
of current reference to the PI-controller-based inner current
tracking loop (fast-dynamics). For the fuel cell it is the DC-
bus voltage control loop that plays the role of outer loop and ,
as main source, must not have high-frequency variations. For
each auxiliary source, high-frequency components of current
reference result from an H∞ controller as in [12], while in
[13] an LPV/H∞ control approach is developed to handle
just the variation of the operation conditions.
Different from these approaches, this paper enhances
those previous studies avoiding PI-controller-based outer
loops and developing a single multi-variable controller in
an LPV/H∞ approach that guarantees closed-loop global
stability. Current control loops are preserved for safety
reasons. The H∞ weighting functions selection results from
a genetic-algorithm-based optimization whose criterion ex-
presses mathematically the user-supplied manner of fre-
quency separation between the three sources.
This paper is organized as follows. Section II is ded-
icated to nonlinear system modeling. Section III presents
the proposed control structure and details the control design
procedure. Simulation results that validate the proposed
approach are discussed in Section IV. Section V, the last,
contains conclusion and future work.
II. MODELING
The electrical system described in Fig. 1 can be generally
divided into three stages:
• Input stage: this stage consists of three power sources:
fuel cell (main power source), battery and ultracapac-
itor (auxiliary sources), the sources are mentioned in
ascending order according to their dynamic responses,
where ultracapacitor is the fastest source modeled ac-
cording to Fig. 2.
Fig. 2: Ultracapacitor electrical model.
Fuel cell and battery are dealt with as current sources.
Their models are not considered in LPV/H∞ problem
formulation (their models are used just for simulation
purpose) since control objectives do not deal with their
entire state dynamics. Whereas, frequency separation
still required during current supply process.
• Conversion stage: each power source is connected to a
DC-DC converter with respect to the source type, i.e.,
the fuel cell is connected to 1-quadrant converter (which
supplies power in one direction), whereas the other
two sources are connected to 2-quadrants converters
which allow bidirectional power flow and provide charg-
ing/discharging functionality to the associated source.
Current closed-loop dynamics based on PI controllers
are not considered in LPV//H∞ design since they are
much faster (see section III-A).
• Output stage: all previous converters are connected in
parallel to DC-bus which supplies the system load. A
capacitor is added to the DC-bus in order to investigate
its dynamic regardless to the load type, the load could
be motor with its inverter whose model is out of scope
of this paper.
The energy conversion laws give the following model:
dVdc
dt
= 1CDC [
−1
RDC
Vdc − ILoad + Ifc(1− αfc)
+Ibatαbat + Iucαuc]
dV0
dt
= −1C0 Iuc (1)
dV1
dt
= −1C1R1V1 − 1C1 Iuc
dV2
dt
= −1C2R2V2 − 1C2 Iuc
Vuc = −IucR0 + V0 + V1 + V2
where Ifc, Ibat, and Iuc are the currents of fuel cell, battery,
and ultracapacitor respectively. αfc, αbat, and αuc are the
respective converter averaged duty cycle (averaged pulse
width modulation command signals). CDC and RDC are the
DC-bus capacitor and resistance respectively. Vdc is the DC-
bus voltage. ILoad is the load current. Vuc is ultracapacitor
voltage. R0, C0, R1, C1, R2,and C2 are constant parameters
of ultracapacitor model. V0, V1 and V2 are sub-voltages
represented in ultracapacitor model (Fig. 2).
The system (1) is rewritten in the LPV form as follows:{
x˙ = A.x+B1.ω +B2(ρ).u
y = C.x+D.u
(2)
where the state vector is x = [VDC V1 V2 V0]T . ω =
ILoad is load current which represents the disturbance input,
u = [Ifc Ibat Iuc]
T is the control input vector composed
of fuel cell, battery and ultracapacitor currents respectively.
ρ = [ρ1 ρ2 ρ3]
T = [αfc αbat αuc]
T is the parameter
vector. Matrices in (2) are:
A =

−1
CDCRDC
0 0 0
0 −1C1R1 0 0
0 0 −1C2R2 0
0 0 0 0

B1 =

−1
CDC
0
0
0
 , B2 =

1−ρ1
CDC
ρ2
CDC
ρ3
CDC
0 0 −1C1
0 0 −1C2
0 0 −1Cs

C =
[
1 0 0 0
0 1 1 1
]
, D =
[
0 0 0
0 0 −Rs
]
The system (2) can be represented in following form:x˙z
y
 =
A B1 B2(ρ)C1 D11 D12
C2 D21 D22

xω
u
 (3)
In the considered approach each parameter ρi is assumed
to be bounded by [0.1, 0.9] (this corresponds to the duty
ratio accepted variation from 10% to 90%). Each parameter
is supposed to be independent from the other parameters, and
the system can be represented under a polytopic form with
23 = 8 vertices. Note that B2(ρ) depends on the parameter
vector ρ = [ρ1 ρ2 ρ3]T . This means that some filter
should be used to get a simple matrix parameter-independent
as in [14],[15].
III. CONTROL DESIGN
This section details the control approach used to perform
on-board power sources coordination. The control objectives
are:
1) DC-bus voltage is regulated to 150V±10% regardless
of the current load demand.
2) Apply frequency separation to power sources, i.e.,
each power source supplies power with respect to
its frequency characteristic. That is achieved due to
the choice of weighting functions associated to H∞
control design.
3) Regulate the state of charge of the ultracapacitor to
50% which allows to absorb/provide power to fulfill
instantaneous load power demand.
4) Impose a desired steady-state behavior for the rest of
the power sources, i.e., fuel cell and battery.
The control loop consists mainly of two nested levels, as
shown in Fig. 3:
Fig. 3: Global control block diagram.
A. Current control level
According to power electronics design and application, it
is preferred to control each power source current and prevent
it from exceeding admissible limits. Therefore, three different
PI-controllers are used to control the converters and required
to ensure dynamics faster than the outer level. These control
loops are transparent to the outer level and satisfy tracking of
all current references generated by LPV controller (Fig. 3),
therefore we will consider in the sequel Ifc∗=Ifc, Ibat∗=Ibat
and Iuc∗=Iuc.
B. LPV control level
This level coordinates the system sources generating the
sources’ current references. To this end, an LPV/H∞ con-
troller is synthesized to meet the control objectives, and to
emphasize the sources’ frequency splitting.
1) H∞ control problem formulation: LPV/H∞ control is
used in this context not only to ensure closed-loop system
stability, but also to meet the following control objectives
using weighting functions represented in the generalized
form (Fig. 4):
1) Tracking of DC-bus voltage VDC : this is achieved
using WeVdc which determines both time response and
acceptable tracking error range.
2) Power sources frequency splitting: this is achieved
thanks to WuIfc,WuIbat and WuIuc that impose the
dynamic current supply (control input vector) of the
fuel cell, the battery and the ultracapacitor, respec-
tively, according to the pre-specified frequency ranges.
3) Tracking of ultracapacitor state of charge (SOC): this
is achieved using WeVuc to maintain its voltage around
37V which corresponds to 50% SOC (the voltage is a
direct image of SOC in the ultracapacitor case).
4) Impose steady state behavior for the fuel cell and
the battery: this is achieved using WeIfc and WeIbat ,
respectively. This is interesting for imposing a desired
steady-state power sharing using Ifcsteadystate and
Ibatsteadystate reference inputs.
Fig. 4: H∞ Robust control design block diagram.
Remark (about the 4th control objective):
Notice that all power sources should be able to provide
steady state currents (e.g., fuel cell case) or drag DC current
(e.g., the case when charging battery or ultracapacitor). In
order to include such a requirement in the H∞ frame-
work, two external reference inputs are added to provide
DC components for battery and fuel cell currents. These
two reference inputs provide some degrees of freedom in
the problem formulation, besides they are useful to easily
determine charging procedure for the battery depending on
its type (out of scope of this work).
Fig. 4 represents the general control configuration for the
LPV/H∞ controller synthesis.
2) Weighting functions selection: To cope with the per-
formance requirements we have chosen usual form of the
weighting functions. Thus, it has been considered that:
• DC-bus voltage, ultracapacitor voltage (state of charge)
and fuel cell current are bounded by first-order weight-
ing functions WeVdc ,WeVuc and WuIfc, respectively.
• Battery and ultracapacitor currents are bounded
by fourth-order band-pass weighting function
WuIbat ,WuIuc , respectively, this fourth order choice is
to ensure separation within narrow frequency interval.
• Steady-state fuel cell and battery currents are bounded
by constants weighting functions WeIfc and WeIbat ,
respectively.
Then 19 parameters have to be chosen in order to achieve
the closed-loop performance. This selection is the key issue
in the H∞control design, and is quite a complex problem.
In order to propose an efficient and repeatable way of
control design, an optimization procedure based on Genetic
Algorithm (GA) has been considered as proposed in [16].
Such a procedure requires objective (cost) functions to be
minimized to meet the optimal performance objectives. In
our case, GA is applied to minimize two objective functions:
• Objective function 1 (closed-loop stability): it is based
on minimizing the maximum eigenvalue of the closed-
loop system to be smaller than a certain desired degree
δ.
f1 = min{max
i
(Re(λi)) < −δ : δ > 0} (4)
where Re(λi) is the real part of the eigen value λi.
• Objective function 2 (frequency splitting between power
source): it is based on minimizing the following crite-
rion:
f2 = min
{
J1 + J2 + J3
3
}
(5)
with
J1 =
∥∥∥ IfcIload ∥∥∥∞,(ω1,ω2)∥∥∥ IfcIload ∥∥∥∞
J2 =
1
2
.
∥∥∥ IbatIload ∥∥∥∞,(ω3,ω4)∥∥∥ IbatIload ∥∥∥∞ +
1
2
.
∥∥∥ IbatIload ∥∥∥∞,(ω5,ω6)∥∥∥ IbatIload ∥∥∥∞
J3 =
∥∥∥ IucIload ∥∥∥∞,(ω7,ω8)∥∥∥ IucIload ∥∥∥∞
where ‖.‖∞,(ωi,ωj) is the H∞ norm calculated within
[ωi, ωj ] frequency interval.
The criteria (5),(6) guarantees certain degree of closed-
loop stability and allow to emphasize frequency separation
between power sources.
GA tries in first generation to find good parameters
randomly, then it develops each generation to minimize
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with their corresponding weighting functions found by genetic algorithm.
the desired cost functions (more information about genetic
algorithm can be found in [16]).
As a result, weighting functions We, Wu are obtained
using GA and shown in Fig. 5.
3) LPV controller synthesis: Following the methodology
in the framework of quadratic stabilization described in
[17],[18], the problem solvability consists in solving a set
of LMIs (using Yalmip/Sedumi solver), at each vertex of
the polytop (parameter set). This allows to find the ”vertex
controllers”: Ki =
[
Ai Bi
Ci Di
]
.Then, the LPV controller
K(ρ) is a convex combination of the vertex controllers Ki
as follows:
K(ρ) =
8∑
1
αi(ρ)Ki (6)
with:
αi(ρ) =
∏3
j=1 |ρj − C(wi)j)|∏3
j=1
∣∣∣ρj − ρj)∣∣∣ > 0
8∑
1
αi = 1
ωi are the extremities of the polytope formed by the
extreme values of the parameter vector ρ. C(wi)j is the jth
component of the vector C(wi) defined as:
C(wi)j = {ρj |ρj = ρj if ωi = ρj otherwise ρj = ρj}.
with
ρj = max(ρj) = 0.9 ρj = min(ρj) = 0.1
IV. SIMULATION RESULTS
Numerical simulations under MATLAB R© /Simulink R©
show the effectiveness of the proposed LPV/H∞ control
approach. The simulations are carried out using nonlinear
electrical models for different system’s parts. The driving
cycle proposed by IFSTTAR [11] is chosen to prove the
closed loop system capability to cope with multiple driving
mode and satisfy the required control objectives (Fig. 6);
this driving cycle has a frequency content richer than that
of Normalized European Driving Cycle (NEDC) [19]. IFST-
TAR profile represents various driving conditions including
acceleration, deceleration, steady speed and full brake and
allow assessing performance of DC-bus voltage regulation
and the way how the three sources are coordinated to provide
the demanded power. For this scenario, external references
for steady state inputs are: Ifcsteadystate =
Iload
1−αfc which
implies that load current is served exclusively by fuel cell at
steady-state. Ibatsteadystate = 0 means no change for SOC
battery at steady-state.
Another simulation scenario is tested when the load is
a constant current, this scenario illustrates how the two
external inputs determine the fuel cell and battery steady-
state behaviors.
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Fig. 6: IFSTTAR load current scenario used in simulation (test A).
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Fig. 7: DC-bus regulated voltage corresponding to IFSTTAR load scenario,
voltage is well regulated to 150 V ±10% as an accepted error (test A).
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Fig. 8: Sources’ currents corresponding to IFSTTAR load scenario (test A).
A. IFSTTAR driving cycle test
The goal of this test is to illustrate control objectives
1, 2 and 3 of section III. This load profile is rich in
frequency content and challenges the vehicle’s power supply
management system in a way corresponding to urban driving
conditions. The demanded power is provided by the three
sources in their respective frequency ranges, while DC-bus
voltage is well regulated within the accepted tracking error
range.
Fig. 7 shows that DC-bus control objective is satisfied
regardless of load current demand. Power sources provide
currents to satisfy load demand in different frequency zones
according to Fig. 8 and Fig. 9, where the last one represents
the normalized power spectrum density calculated for each
source current in order to show this frequency separation.
Another control objective is satisfied (Fig. 10) where ultra-
capacitor state of charge is kept around 50%, that makes
the ultracapacitor ready to provide/absorb instantaneous load
current demand.
B. Constant load test
In order to illustrate the 4th control objective (Section 4),
a simple simulation scenario is given now, where the external
references define the steady-state distribution of the fuel cell
and the battery currents. Therefore, a constant load current
(35 A) is used to allow the system to reach its steady state.
Two scenarios are shown:
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Fig. 10: Ultracapacitor state of charge variation during IFSTTAR simulation
scenario (test A).
• Ifcsteadystate =
0.7∗35
1−αfcsteadystate = 81A and
Ibatsteadystate =
0.3∗35
αbatsteadystate
= 30A:
this corresponds to 70%Iload is supplied by the fuel cell
and 30% by the battery.
• Ifcsteadystate =
1.3∗35
1−αfcsteadystate = 190A and
Ibatsteadystate =
−0.3∗35
αbatsteadystate
= −24.5A:
this corresponds to 130% Iload is supplied by the fuel
cell and -30% by the battery, meaning that the fuel cell
is managed to supply load current and to charge the
battery at the same time.
Fig. 11 and Fig. 12 show the slow dynamics imposed for
the control inputs Ifc and Ibat corresponding to different
constant current demand. From an application point of view,
these two external inputs are helpful to impose a desired
steady-state operating point which can serve charging process
for the battery.
Note that there exists a slight tracking error in tracking ob-
jective, this could be handled with more complex weighting
functions WeIfc and WeIbat .
V. CONCLUSIONS AND FUTURE WORKS
A. Conclusions
In this paper, a multi-variable LPV/H∞ control approach
is applied to design a strategy for a multi-source energy
system coordination. The studied system is based on three
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Fig. 11: Steady-state behavior for constant load scenario (test B), where 70%
and 30% of Iload is supplied by the fuel cell and the battery, respectively.
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different kinds of power sources – fuel cell, battery and ultra-
capacitor – on board of an electric vehicle. Current-controlled
sources are connected in parallel with their associated DC-
DC boost converters on a common DC-bus and coupled to
the load (an electrical motor with its converter). The DC-bus
voltage is regulated in spite of load power variations that
represent the image of driving cycle. Fuel cell and battery
are protected from sudden power variations to preserve their
states of health, therefore each source should be operated in
the frequency range that suits best its features as either high-
energy-density or high-power-density source, according to
Ragone’s taxonomy. Thus, fuel cell is managed to provide the
low-frequency, mean power, ultracapacitor provides/absorbs
the sudden variations of power demand and battery operation
is placed in between the two other sources. Frequency-
separation requirements are cast into an optimization crite-
rion used to guide computation of H∞ weighting functions
by means of a genetic algorithm. LPV control approach
guarantees the existence of a single Lyapunov function for all
operating points and allows to design an unique controller,
which greatly simplifies the implementation.
The nonlinear electrical system is simulated using the
driving cycle of IFSTTAR institute as load profile, whose
frequency content is richer than that of Normalized European
Driving Cycle (NEDC). Numerical simulation results show
good performance in supplying the load according to the
frequency-separation power sharing strategy imposed by
user, all by regulating the DC-bus voltage at the desired
setpoint.
B. Future Works
Future work can concern the extension of system operating
regimes by varying the use of different sources (e.g., fuel
cell could be required only to recharge the other sources
at its maximum efficiency working point). Generalization of
the proposed power sharing control strategy to any kind of
on-board energy management systems, potentially containing
any number of power sources, could be considered. Experi-
mental validation on a dedicated test bench is envisaged in
the very next future.
APPENDIX
Ultracapacitor converter: Luc=0.5 mH; PI-controller: Kp
= 10.10−3, Ki =0.4. Battery converter: Lbat=0.5 mH; PI-
controller: Kp = 10.10−3, Ki =0.8. Fuel cell converter:
Lfc=6 mH; PI-controller: Kp = 0.5, Ki =0.1. DC-bus:
VDC=150 V, CDC=22 mF, RDC=100 kΩ.
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